The incident acoustic'energy which escapes from the nozzle is partitioned between two distinct disturbances in the exterior fluid.
The first of these is the free space radiation, whose directivity is equivalent to that produced by monopole and dipole sources. Second, essentially incompressible vortex waves are excited by the shedding of vorticity from the nozzle lip, and may be associated with the large scale instabilities of the jet. Two linearized theoretical models are discussed. One of these is an exact linear theory in which the boundary of the jet is treated as an unstable vortex sheet.
The second assumes that the finite width of the mean shear layer of the real jet cannot be neglected.
The analytical results are shown to compare favorably with recent attenuation measurements.
INTRODUCTION
This report examines the energy conversion mechanisms involved in the emission of sound from the interior of a jet pipe in the presence of a subsonic nozzle flow. This is particularly relevant to the problem of "excess" or "core" noise produced by unsteady combustion and turbine blading in the jet pipe of an aeroengine.
It is also of interest in connection with the energy balance associated with the generation of resonant oscillations in the pipe and in musical instruments such as the flute.
According
to experiments of Crow (1972) and of Gerend, Kumasaki and Roundhill (1973) , upstream generated sound is significantly amplified by passage through the jet at subsonic velocities, the additional radiation being attributed to the excitation of instability waves of the jet. This conclusion has been challenged by Moore (1977) However, the experiments of Pinker and Bryce (1976) and the results reported by Savkar (1975) In this expression w is the radian frequency, k, =-w/cl, t is the time, and the positive direction of the xl-axis of a rectangular coordinate system (x1, x2, x3) is parallel to the mean flow, the origin being located in the center of the nozzle-exit plane.
The velocity u of the mean flow is a function of position both within the nozzle and in the exterior fluid, and In the absence of dissipative processes the inhomogeneous wave equation of the acoustic analogy theory becomes The terms on the right of (2.4) vanish identically except in the shear layer of the jet.
The fluid is hornentropic in the ambient medium and within and upstream of the potential core of the jet.
In those regions the pressure is a function of the density alone, and the specific enthalpy h may be identifed with I dp/p. Similarly, Crocco's form of the momentum equation (Liepmann & Roshko 1957, p. 193) reduces to the statement that the flow is irrotational outside of the jet mixing region, with
Here 4 is the perturbation The flux of acoustic energy through the control surface C (Fig.  1 ) into the nozzle may be calculated from the general formula
given by Landau and Lifshitz (1959, § §6, 64 The second, proportional to (k a)2, arises from the monopole component of the sound radiated into the ambient medium.
There is no explicit contribution from the dipole component of (2.21) because it is automatically contained within the hydrodynamic term of (3.18).
The Mechanism of Hydrodynamic Attenuation
An appreciation of the mechanism by which the exterior jet flow extracts energy from the acoustic field may be obtained from a consideration of the contribution of the back-reaction BJ of the shear flow to the general energy flux formula (2.11), and we shall do this before proceeding to applications of the above results to specific modelings of the shear flow.
In the present approximation only the first ('incompressible') term in the parentheses of (2.11) need be retained.
When the pulsatile nozzle flow is normalized with respect to the coefficient B of (3. This is facilitated by the assumption that the nozzle possesses a circular cylindrical neck which extends a distance of at least one nozzle exit radius downstream of the contraction as in Fig. 1 . It may then be asserted that local details of the exterior incompressible flow do not depend critically on upstream variations in nozzle geometry, an hypothesis which is justified by the observation that the back-reaction BJ produces no additional velocity fluctuations in the upstream region.
We shall therefore examine shear flows calculated on the basis of pulsatile incompressible flow from a semi-infinite, circular cylindrical duct.
Two cases I, II will be discussed.
In case I the boundary of the jet is represented by a linearly disturbed vortex sheet.
A thorough discussion of this problem for compressible flow has been given by Munt (1977) , and a statement of the relevant results obtaining in the incompressible limit is therefore sufficient for our purposes. Additional details are outlined in the Appendix.
In Munt's theory the Kutta condition of finiteness is imposed at the nozzle lip. This is presumably appropriate at the relatively low Strouhal numbers of interest in the present discussion (c.f., Bechert and Pfizenmaier 1975 b); at higher frequencies and correspondingly smaller length scales, sound emerges from the duct without "feeling" the lip, and propagates along energy conserving ray paths through the mean shear layer.
The shear layer is unstable, however, the instabilities being associated with eigenmodes of oscillation of the jet, and Munt obtains a strictly causal solution in which these modes are triggered and sustained by the flucuating nozzle flow. and tends to zero with the Strouhal number wa/UJ.
Pinker and Bryce (1976) and Savkar (1975) where vr is the radial component of the perturbation velocity. In the case of the vortex sheet model the mean vorticity w. forms a singular distribution on r = a, and the integration in (4.1) reduces to the determination of the volume flux through the nominal boundary of the jet.
Since compressible effects are unimportant in the nozzle region this flux is equal to the volume flux from the nozzle, and in the approximation of ( .l) the integrated term of (4.1) becomes $BI(l-R)M,cosB e-l"Ct 7 s This result would also be expected to be valid to a good approximation for a shear layer of finite width, because the principal contribution to the integral is from the region close to the nozzle where the shear layer is relatively thin. Hence using this, and equations (3.15a), (3.17) to calculate 6, it follows that in the approximation of long wavelength the intensity of the free space radiation becomes: These results are independent of the area ratio
Bechert, Michel and Pfizenmaier (1977) have measured the attenuation 10 log,, (WF/WT) dB in the case of a cold jet over a range of subsonic nozzle exit Mach number MJ, the area ratio A/A being equal to 7.6. Their results are shown in Fig. 3 . Figure  4 illustrates the comparison of the predictions (4.4), (4.5) of Cases I, II with the particular low Mach number case MJ E M, = 0.3.
Both of the theoretical curves predict identical overestimates of the attenuation at the higher values of ka, for which v -0.5, but of course the compact approximation used in deriving our results would be expected to fail in this region.
At lower values of ka the finite shear layer model produces a marginally better agreement with experiment. In any event the agreement with experiment is sufficiently good to give confidence in the validity of the hydrodynamic attenuation mechanism, and indicates that at low frequencies the details of both the attenuation levels and the radiation directivities are relatively insensitive to the precise modeling of the exterior nozzle flow. 
